The mass of volatiles degassed from volcanic eruptions is often estimated by comparing the volatile concentrations in undegassed glassy melt inclusions with the volatile concentrations in the degassed matrix glass. However, melt inclusions are prone to post-entrapment modification, including diffusive H + loss through the host olivine crystal lattice which lowers the H 2 O content of the inclusion, and the degassing of CO 2 into a bubble in response to cooling and crystallisation on the inclusion walls. Such bubbles are very common in olivine-hosted melt inclusions from the AD 1783-1784 Laki eruption, southeast Iceland. We have determined the CO 2 content of these bubbles using micro-Raman spectroscopy, and the CO 2 concentration in the glass by SIMS. Our results show that >90% of the total inclusion CO 2 may be sequestered into the bubble, which demonstrates the importance of measuring the compositions of both vapour bubbles and the glass phase in melt inclusions. We reconstruct the deep degassing path of the Laki magma by using Nb as proxy for the undegassed CO 2 content of the melt inclusions. The substantial CO 2 /Nb variation in the Laki melt inclusions (3.8-364) can be explained by concurrent crystallisation and CO 2 degassing in the Laki magmatic system. We calculate the amount of CO 2 lost from individual melt inclusions, assuming CO 2 /Nb ≈ 435 for enriched Icelandic mantle and CO 2 /Nb ≈ 171 for depleted mantle. Melt inclusions with the greatest saturation pressures have lost the least CO 2 prior to inclusion trapping. At any given saturation pressure, the most enriched melt inclusions have lost the most CO 2 , while the most depleted inclusions have lost very little CO 2 . Enriched primary melts with high initial CO 2 concentrations are therefore useful for investigating deep degassing behaviour in magmatic systems because a range of melt inclusion saturation pressures are recorded during crystallisation and degassing. Depleted melt inclusions with low initial CO 2 concentrations remain vapour-undersaturated to shallow levels and cannot be used to constrain deep degassing behaviour. The cumulative CO 2 mass release from the Laki magma is determined as a function of pressure and extent of crystallisation. Using an updated petrologic method that takes into account the diversity of primary melts and CO 2 sequestration into vapour bubbles, we calculate the total mass of CO 2 exsolved from the Laki magma to be 304 Mt.
Introduction
The total atmospheric yield of volatile species from volcanic eruptions is often estimated using a petrologic approach, comparing volatile concentrations measured in crystal-hosted melt inclusions with glass from quenched eruption products (e.g. Devine et al., 1984; Sigurdsson et al., 1985; Palais and Sigurdsson, 1989; Sigurdsson, 1990; Métrich et al., 1991; Thordarson et al., 1996) . Such calculations rely on the assumption that the melt inclusions with the highest volatile concentrations are representative of pristine, undegassed melts. This assumption is reasonable for soluble the total mass of CO 2 degassed from primary mantle melts supplied to the magmatic system and cannot be used to estimate the degree of passive CO 2 release in the lower crust.
Estimating undegassed volatile concentrations in melt inclusions
Volatile-trace element pairs, such as CO 2 and Nb or H 2 O and Ce, have similar partition coefficients in basaltic melts and are expected to exhibit similar geochemical behaviour during the crystallisation of volatile-undersaturated melts (e.g. Michael, 1995; Danyushevsky et al., 2000b; Dixon and Clague, 2001; Saal et al., 2002; Michael and Graham, 2013) . This indicates that Nb can be used as a proxy for the undegassed CO 2 content of melts, if the CO 2 /Nb of the primary melt is known. This ratio can be estimated from volatile and trace element concentrations measured in rare examples of undegassed melt inclusions, which are expected to exhibit strong positive correlations between volatile species and similarly incompatible trace elements. Such correlations have been reported for CO 2 and Nb for a suite of primitive melt inclusions from the Siqueiros transform fault on the East Pacific Rise (Saal et al., 2002) , and were interpreted as evidence that the melt was vapour-undersaturated at the time of inclusion trapping (Saal et al., 2002) . Various studies have used CO 2 /Nb, H 2 O/Ce and other volatile/trace element ratios to estimate magmatic volatile fluxes (Saal et al., 2002; Workman et al., 2006; Cartigny et al., 2008; Koleszar et al., 2009; Shaw et al., 2010; Helo et al., 2011) . However, carbon is likely to be heterogeneously distributed in the mantle (e.g. Helo et al., 2011) , meaning that the CO 2 /Nb estimated for undegassed primary melts varies with location. At the lower end of the global range, the highly depleted Siqueiros melt inclusions record CO 2 /Nb = 239 ± 46. At the upper end of the global range, CO 2 /Nb values of ∼570 have been obtained for MORB glass samples dredged around 14 • N and 34 • N along the Mid-Atlantic Ridge (Cartigny et al., 2008) , and CO 2 /Nb values of 650-800 have been reported in melt inclusions from Axial seamount, Juan de Fuca Ridge (Helo et al., 2011) . The only reported undegassed CO 2 /Nb value for Iceland, 314 ± 125, was determined using melt inclusions from the Borgarhraun lava, North Iceland . The global variability in CO 2 /Nb for undegassed primary melts suggests that CO 2 is slightly more incompatible than Nb during mantle melting. It has recently been suggested that CO 2 has similar geochemical behaviour to Ba or Rb, and CO 2 /Ba values of 114 ± 43 have recently been reported for MORB compositions ranging from ultra-depleted to highly enriched (Michael and Graham, 2013) . This may indicate that Ba is a better proxy for undegassed CO 2 than Nb, especially since Ba is expected to follow CO 2 more closely during subduction and recycling into the deep mantle (Michael and Graham, 2013) .
Bubble formation in melt inclusions
Volatiles in melt inclusions can be affected strongly by postentrapment modification and re-equilibration (e.g. Nielsen et al., 1998; Danyushevsky et al., 2000a; Steele-MacInnis et al., 2011; Gaetani et al., 2012) . Bubbles in melt inclusions can form in a number of distinct stages. Firstly, shrinkage bubbles form in response to cooling, since the host phenocryst undergoes significantly less thermal contraction than the melt phase (e.g. Roedder, 1979; Lowenstern, 1995 Lowenstern, , 2003 Schiano, 2003; Métrich and Wallace, 2008) . If the melt inclusion is volatile-free, the bubble will be almost a vacuum (Steele-MacInnis et al., 2011) . For volatilebearing melt inclusions, some of the volatiles that were originally dissolved in the silicate melt may exsolve and be sequestered into the bubble (e.g. Roedder, 1979; Skirius et al., 1990; Anderson and Brown, 1993; Cervantes et al., 2002) . Bubbles formed by this mechanism are most likely to be formed at the Earth's surface, during the cooling of erupted magmas. Secondly, bubble growth occurs during post-entrapment crystallisation (PEC) on the melt inclusion walls. This process decreases the internal pressure of the inclusion, which lowers the solubility of volatiles in the melt phase and causes volatile exsolution from the melt (Steele-MacInnis et al., 2011) . Thirdly, recent experimental studies have demonstrated that rapid H + diffusion can cause olivine-hosted melt inclusions to re-equilibrate with their carrier liquids within tens of hours at magmatic temperatures of ∼1200 • (Gaetani et al., 2012; Bucholz et al., 2013 ). Decompression associated with diffusive H + loss may promote further volatile exsolution, leading to the nucleation of a vapour bubble in a previously bubble-free inclusion, or the growth of a pre-existing bubble. Since CO 2 is relatively insoluble in basaltic melts in comparison to other common volatile species, CO 2 vapour will be preferentially sequestered into the bubble if post-entrapment degassing occurs. The role of shrinkage bubbles in controlling the volatile content of melt inclusions has been largely avoided or ignored in the literature, although there are some notable exceptions (e.g. Kamenetsky et al., 2002; Thomas et al., 2006; Métrich and Wallace, 2008; Hansteen and Klügel, 2008) .
The AD 1783-1784 Laki eruption
The AD 1783-1784 Laki (Skaftár Fires) fissure eruption on Iceland's Eastern Volcanic Zone was one of the largest basaltic fissure eruptions recorded in human history (e.g. , and is one of the best-studied small-scale analogues of a flood basalt eruption. The eruption produced 14.7 km 3 of lava and ∼0.4 km 3 dense rock equivalent of tephra from a ∼27 kmlong fissure that erupted sequentially in 10 en echelon segments (Thordarson and Self, 1993) . The eruption was one of the greatest natural atmospheric pollution events of the past ∼250 years, loading the atmosphere with 122 Mt sulphur dioxide, ∼7.0 Mt hydrochloric acid and ∼15.0 Mt hydrofluoric acid in a period of 8 months (Thordarson et al., 1996) and leading to significant climatic effects that were felt across the northern hemisphere (e.g. Chenet et al., 2005; Oman et al., 2006; Schmidt et al., 2010 Schmidt et al., , 2012 . The presence of vapour bubbles in Laki melt inclusions has been noted in previous studies (e.g. Métrich et al., 1991; Thordarson et al., 1996) , making the Laki eruption an ideal case study for investigating the effect of bubble formation on melt inclusion volatile systematics. We present the first study to combine measurements of vapour compositions in these bubbles with volatile concentrations in the glass phase, in order to determine the total volatile content of melt inclusions at the time of inclusion trapping. We use CO 2 -H 2 O solubility models (Newman and Lowenstern, 2002; Witham et al., 2012) to determine saturation pressures for melt inclusions in order to reconstruct the extent of CO 2 degassing as a function of pressure within the Laki magmatic system, and to assess how CO 2 degassing is coupled to melt mixing and fractional crystallisation for large basaltic fissure eruptions. Finally, we present an updated petrologic method for estimating the total atmospheric yield of CO 2 from magmas, which takes into account both the sequestration of CO 2 into vapour bubbles, and the diversity of parental melts supplied to the magmatic system. This method can be used to assess both the 'erupted' CO 2 budget associated with melt ascent from the magma chamber to the surface, and the mass of CO 2 released through deep, passive degassing in the magmatic system.
Sample collection and analytical methods
Fresh, glassy samples of magmatic tephra were obtained from proximal fall deposits around the Laki cone row by digging down through the surface cover. Lava samples were collected from sites around the Skaftá river gorge, and samples were taken from glassy selvages on the upper and/or lower flow surfaces. Sample locations are shown in Fig. 1 .
Olivine macrocrysts in the size range 250 μm to 1 mm were picked from crushed lava and tephra samples. Care was taken to select pale green, unaltered olivines containing glassy melt inclusions without post-entrapment daughter crystals, and with spherical to ellipsoidal shapes. Inclusion lengths and widths were measured from high resolution, high magnification photomicrographs using Zeiss AxioVision software; inclusions ranged from 5 to 450 μm in their longest dimension. Melt inclusion volumes were calculated assuming that inclusion depth was equal to the shorter of the measured dimensions. Vapour bubbles were present in 88% of the melt inclusions from lava samples and 41% of melt inclusions from tephra samples. Where present, the bubbles ranged from 1 to 78 μm in diameter. Of 937 bubble-bearing melt inclusions, 38 had bubbles comprising >5% of the melt inclusion volume. For the remaining 899 bubble-bearing melt inclusions, the bubble comprised on average1.5 ± 1.0 vol.% of the inclusion.
Olivines were mounted in CrystalBond and polished to expose a flat crystal surface, without breaching the melt inclusions. Compositions of vapour bubbles were then determined by micro-Raman spectroscopy, using the Horiba LabRam instrument at the University of Cambridge. The presence of CO 2 in fluid bubbles is verified by the presence of two characteristic peaks, at ∼1285 cm −1 and ∼1380 cm −1 , defining a Fermi diad in the Raman spectrum.
Fermi diads can be observed in the micro-Raman spectra of bubbles down to 1 μm in diameter, so the success of the technique is not limited by bubble size. The Fermi diad spacing, , is proportional to the fluid density. Several calibrations have been proposed for calculating the density of pure CO 2 fluid inclusions, and a brief review of different densimeters is provided in the supplementary material. In this study we used the densimeter of Kawakami et al. (2003) . The positions of the Fermi bands were determined by fitting Gaussian curves to the Raman spectra using OriginLab software. The error in the peak fitting procedure was used to estimate the precision in , which in turn constrains the precision of the densimeter. Precision in of ±0.1 cm −1 corresponds to a precision in fluid density of ±0.02 g/cm 3 for inclusions of 1 μm, and can be better for larger inclusions (Kawakami et al., 2003) . Average precision in was 0.002 cm −1 for the Laki bubbles, and the corresponding error in fluid density is negligible.
Following the Raman analyses, crystals were individually polished to expose the melt inclusions at the surface, mounted in resin and re-polished. Volatiles CO 2 , H 2 O and trace and rare earth elements (REE) were analysed in 106 melt inclusions and 9 matrix glasses by secondary ion mass spectrometry (SIMS) on the Cameca ims-4f ion microprobe at the University of Edinburgh. CO 2 was measured first, with the instrument configured to a high mass resolution sufficient to resolve interference by 24 Mg 2+ on the 12 C peak. Trace elements and H 2 O were then measured with the mass spectrometer configured to a lower mass resolution. Precision and accuracy for CO 2 and H 2 O were monitored by repeat analyses of a suite of basaltic glass standards with known compositions (Shishkina et al., 2010) . Estimated 1σ precision and accuracy were ±5% and ±1% respectively for CO 2 , and ±4% and ±2% respectively for H 2 O. Precision and accuracy for the trace element measurements were monitored by repeat analyses of standards NIST-SRM610, BCR-2G and KL2-G. 1σ accuracy for the trace elements was estimated as ±10%. Precision was generally better than ±3% for trace elements in high abundance (e.g. Sr, Zr, La), and was ±8% for low-abundance heavy REEs. Major and minor element concentrations in the melt inclusions and their host olivines were measured by WDS Cameca SX100 electron microprobe (EPMA) at the University of Cambridge. Compositional data and details of all analytical methods are provided in the supplementary material. Grey diamonds are data from Neave et al. (2013) . The variability in La/Yb decreases with decreasing host forsterite content, which is interpreted as evidence of concurrent mixing and crystallisation of diverse mantle melt compositions within the Laki plumbing system (Neave et al., 2013) . As crystallisation progresses, compositional diversity collapses to the mean melt inclusion value, shown by the black line. Similar behaviour is observed in samples from Borgarhraun, North Iceland, and across Iceland as a whole (Maclennan, 2008) .
Results

Major elements
The melt inclusions range in composition from Mg# ∼ 62 to Mg# ∼ 30 (average Mg# = 47). Major element compositions of melt inclusions can be greatly affected by post-entrapment crystallisation (PEC), whereby continued crystallisation of olivine on the inclusion wall results in a drop in melt inclusion Mg# (e.g. Danyushevsky et al., 2000a) . The extent of PEC experienced by each melt inclusion was estimated using Petrolog3 (Danyushevsky and Plechov, 2011) . While some melt inclusions experienced PEC up to 7%, most inclusions experienced 2% PEC, and the PEC corrections are minor. Melt inclusion-bearing olivine macrocrysts range in composition from Fo 86 to Fo 67 . Olivines from lava samples were slightly more forsteritic with average compositions of Fo 80±5 ; olivines from tephra samples had average compositions of Fo 77±4 .
Assuming a K d ol-liq
Fe-Mg = 0.31 ± 0.03 (Danyushevsky, 2001) , the Laki carrier liquid composition is in equilibrium with Fo 71 -Fo 68 olivine.
Trace elements
Melt inclusions from lava and tephra samples have very similar average trace element concentrations, but have slightly lower average trace element abundances than the average matrix glass composition (Fig. 2a) . The matrix glasses and many of the melt inclusions are depleted in Sr, which is indicative of plagioclase crystallisation from the melt prior to inclusion entrapment.
Matrix glasses have an average La/Yb of 3.8 ± 0.2 (1σ ), while the melt inclusions have a mean La/Yb of 3.6 ± 0.8 (Fig. 2b) . A single melt inclusion had a highly enriched composition with La/Yb of 6.1. Four inclusions have highly depleted compositions (La/Yb 1.5). These highly depleted melt inclusions were present in Fo >82 olivines from tephra samples, while the most enriched inclusions (La/Yb > 4.5) were exclusively present in lava samples. The reason for this distribution is unclear, and might not persist if more inclusions were measured. The full range of La/Yb variability is present in melt inclusions hosted in Fo >84 olivines, and the variability in La/Yb decreases with decreasing host forsterite content.
At low forsterite contents, the melt inclusion compositions cluster about the mean melt inclusion La/Yb (Fig. 2b) .
Volatiles
CO 2 in bubbles
Fermi diads were observed in the Raman spectra of 52% of bubbles in melt inclusions from lava samples (n = 817) and 6% of bubbles in melt inclusions from tephra samples (n = 124) (Fig. 3 ).
Fluid densities calculated for the Laki bubbles ranged from a minimum of 0.031 g/cm 3 to a maximum of 0.566 g/cm 3 . Bubbles in lava samples had an average fluid density of 0.143 ± 0.050 g/cm 3 ; for tephra samples the average fluid density was 0.181 ± 0.063 g/cm 3 .
The CO 2 content of the vapour bubbles in ppm, [CO 2 ] vb , can be calculated using the mass ratio between bubble and glass in the host melt inclusion:
where the mass of glass within the melt inclusion, M gl , is calculated as the glass volume multiplied by a melt density of 2750 kg/m 3 (Passmore et al., 2012) . The mass of CO 2 contained within the bubble, M
CO 2 vb
, is calculated from the bubble volume and the measured fluid density (Table 1 ). The principal source of error in the calculated CO 2 content of the bubble therefore lies in the measurement of the inclusion and bubble sizes. The least precise measurements are of the smallest bubble diameters in the range 2-5 μm, where the error may be as large as ±10%. In the worst-case scenario, whereby all inclusion and bubble measurements have errors of ±10%, the precision in the calculated CO 2 content of the bubble is approximately ±20%. Larger inclusions and bubbles can be measured with much greater accuracy, and measurements that are precise to ±2% correspond to errors of ±4% in the calculated bubble CO 2 content.
Bubbles in melt inclusions from lava samples contained between 68 and 135 400 ppm CO 2 ; bubbles in melt inclusions from tephra samples contained between 1474 and 46 422 ppm CO 2 . Eleven bubbles had CO 2 concentrations >6500 ppm, and all of these bubbles comprised >7% of their host melt inclusion's total volume. We assume that the Laki bubbles comprise pure CO 2 vapour, since no bands corresponding to H 2 O, SO 2 or SO 2− 4 were identified in any of the micro-Raman spectra. However, it is possible that additional volatile species are present in the bubbles in concentrations below the micro-Raman detection limits.
CO 2 and other volatiles in glass
Glass CO 2 concentrations in the melt inclusions range from 25 to 1433 ppm (Fig. 4a) . The CO 2 concentration in the matrix glass was below the detection limit (<24 ppm) of the SIMS measurements. The average CO 2 concentration in melt inclusions from lava samples was 182 ppm, compared to 309 ppm for inclusions from tephra samples. Bubble-free melt inclusions contained on average 283 ± 236 ppm CO 2 . For melt inclusions with CO 2 -bearing vapour bubbles, the average CO 2 concentration in the glass was 151 ± 258 ppm. Inclusions with apparently CO 2 -free bubbles contained 281 ± 256 ppm CO 2 in the glass.
Water concentrations in the melt inclusions range from 0.07 to 0.76 wt.%. Melt inclusions in lava samples contain an average 0.14 ± 0.13 wt.% H 2 O, while inclusions from the tephra contain 0.55 ± 0.05 wt.% H 2 O. Melt inclusions with CO 2 -bearing bubbles contain 0.14 ± 0.13 wt.% H 2 O. Bubble-free inclusions and those with CO 2 -free bubbles contain 0.33 ± 0.23 and 0.31 ± 0.21 wt.% H 2 O respectively. The matrix glass contains 0.08 ± 0.01 wt.% H 2 O.
Discussion
Post-entrapment degassing: CO 2 sequestration into vapour bubbles
The micro-Raman spectra for vapour bubbles in melt inclusions from Laki lava samples showed the Fermi diad bands characteristic of CO 2 . However, no Fermi diads were detected in the microRaman spectra for the majority of bubbles from tephra samples. This may indicate that CO 2 in these bubbles is present in concentrations below the detection limit of the instrument, which is better than 0.04 g/cm 2 CO 2 , or that the bubbles contain no vapour and are a near-vacuum (e.g. Steele-MacInnis et al., 2011) . The apparent absence of CO 2 from these bubbles may be related to the cooling rate, since CO 2 diffusion at the melt-gas interface is kinetically limited by the diffusivity of CO 2 in the melt (Pichavant et al., 2013) , which is in turn dependent on temperature. Melt inclusions in the tephra were rapidly quenched upon eruption, and it is possible that the rapid cooling provided insufficient time for CO 2 to diffuse into shrinkage bubbles that formed in response to volume changes shortly before the inclusions passed through the glass transition. By contrast, melt inclusion-bearing olivines in the Laki lava spent hours to days in insulated transport before being quenched in the upper or lower selvages of lava flows. These melt inclusions cooled quickly enough to preserve glassy inclusions with no post-entrapment daughter crystals, but spent sufficient time in a hot environment at atmospheric pressure to permit CO 2 diffusion into shrinkage bubbles prior to solidification. Glass CO 2 concentrations for bubble-bearing, CO 2 -present; bubble-bearing, CO 2 -free; and bubble-free inclusions are highly variable, and the datasets have standard deviations that are equal to or larger than the mean glass CO 2 contents. The KolmogorovSmirnov (KS) test was therefore used to examine whether the glass CO 2 contents for these three populations are significantly different. When comparing bubble-free melt inclusions with inclusions containing a CO 2 -free bubble, the KS statistic (D) is 0.1304 and the p-value is 0.9897 at 95% confidence, indicating that there is no significant difference between these two populations. However, when comparing melt inclusions containing CO 2 -bearing bubbles with bubble-free inclusions, the KS statistic is 0.587 and the pvalue is 5.16 × 10 −5 . There is therefore a significant difference in the glass CO 2 contents for these melt inclusion populations. These statistics demonstrate firstly that post-entrapment sequestration of CO 2 into the bubble is significant, but secondly that the presence of a vapour bubble is not necessarily indicative of CO 2 loss from the melt. It is only by analysing the bubble that the extent of CO 2 sequestration can be determined.
The total CO 2 concentration in bubble-free melt inclusions is simply the CO 2 concentration in the glass. The total CO 2 content of the bubble-bearing inclusions is the sum of CO 2 in the glass plus the CO 2 in the bubble (Fig. 4; Table 1 ). To ensure that this is representative of the melt CO 2 content at the time of inclusion entrapment, it is important to verify that the inclusion was trapped as a homogeneous liquid phase and that the bubbles formed by post-entrapment degassing. 'Pre-entrapment' bubbles, trapped as a vapour phase coexisting with the melt, may artificially skew the total inclusion CO 2 content to high values. True shrinkage bubbles formed by post-entrapment processes typically comprise 0.2-5 vol.% of an inclusion, with the actual value dependent on the initial volatile concentration, melt composition and cooling rate (Lowenstern, 1995 (Lowenstern, , 2003 . Visual inspection of olivines that host multiple melt inclusions reveals that, within a single crystal, bubbles occupy a similar volume fraction of each melt inclusion ( Fig. 3a-c; Supplementary Fig. A) , suggesting that the bubbles formed by a common post-entrapment process. Melt inclusions with unusually voluminous bubbles that may have been trapped as a vapour phase are easily recognisable, e Total CO 2 in inclusion = glass CO 2 + bubble CO 2 . Fig. 4 . CO 2 content of olivine-hosted melt inclusions from Laki. Open symbols indicate bubble-bearing inclusions; closed symbols indicate bubble-free inclusions. CO 2 concentrations in silicate glass were determined by SIMS; for bubble-free melt inclusions this represents the total CO 2 content. For bubble-bearing melt inclusions, the CO 2 content of the bubble was determined by micro-Raman spectroscopy; the total CO 2 in the inclusion is then the sum of the silicate glass and the bubble. For bubble-bearing inclusions, the total CO 2 concentration is greater than that of the silicate glass, which highlights the importance of post-entrapment degassing within melt inclusions. 2σ error bars are shown.
especially in crystals that host multiple melt inclusions (Supplementary Fig. B) . In order to exclude such melt inclusions from further analysis, the Laki dataset was filtered to remove inclusions where bubbles comprised >5% of the total inclusion volume.
The available Raman and SIMS data enabled the total melt inclusion CO 2 to be calculated for 70 bubble-bearing and 25 bubblefree melt inclusions (Fig. 4c) . Total CO 2 concentrations in the inclusions range from 384 to 4767 ppm, with an average of 1281 ± 781 ppm for melt inclusions with CO 2 -bearing bubbles, 281 ± 256 ppm for inclusions with CO 2 -free bubbles, and 283 ± 236 ppm for bubble-free inclusions. These results demonstrate that, for bubble-bearing melt inclusions, the total CO 2 contained in the inclusion can be significantly underestimated if CO 2 degassing into the vapour bubble is not taken into account (Fig. 4) . CO 2 sequestration into bubbles appears to be enhanced for volatile-rich inclusions: the most CO 2 -rich inclusions are most likely to form bubbles (Fig. 4c) . The bubbles may comprise 5 vol.% of the bubble-bearing melt inclusions, but they contain ∼90% of the total CO 2 in the Laki inclusions (Fig. 5) . The percentage of CO 2 sequestered in the bubble is unrelated to the size of the melt inclusion and the composition of the host olivine, so these measurements cannot be used as proxies for CO 2 exsolution into the bubble. 
Melt inclusion saturation pressures
Saturation pressures for the melt inclusions, once the bubble CO 2 had been accounted for, were calculated using the CO 2 -H 2 O solubility models VolatileCalc (Newman and Lowenstern, 2002) and SolEx (Witham et al., 2012) . The calculated saturation pressures are highly variable, ranging from 0.1 to >5 kbar for both lava and tephra samples (Fig. 6) . If the glass CO 2 content is used for the saturation pressure calculations, all the Laki inclusions appear to have been trapped at pressures 3 kbar. This demonstrates that if CO 2 in the bubble is not taken into account then saturation pressures for melt inclusions can be significantly underestimated.
Volatile solubility models assume equilibrium at the time of melt inclusion entrapment. Therefore, if an inclusion is trapped during crystallisation of a vapour-undersaturated melt, the calculated saturation pressure will underestimate the true entrapment pressure. Clinopyroxene-liquid thermobarometry suggests that the final stages of crystal-melt equilibration and growth of crystal rims occurred at pressures of 0.7-1.8 kbar (Neave et al., 2013) . However, 16 of the bubble-free melt inclusions record much lower saturation pressures of 0.1-0.7 kbar (Fig. 6 ). Only two of these inclusions are hosted in Fo 68 -Fo 71 olivines that are in equilibrium with the Laki carrier liquid. This suggests that most of the low saturation pressures do not represent shallow, late-stage crystallisation of the Laki magma. A possible explanation is that these 16 inclusions were trapped during crystallisation of a vapour-undersaturated melt; however, their low CO 2 /Nb values (3.8-17.6) indicate that they were trapped from a partially degassed melt rather than an undegassed melt. Alternatively, it is possible that CO 2 vapour has been lost during ascent through fractures in the crystal that have since re-annealed (e.g. Métrich and Wallace, 2008) . The calculated saturation pressures thus provide a minimum estimate of the true entrapment pressure. 
Diffusive H 2 O re-equilibration and bubble formation
At magmatic temperatures, H + diffusion is capable of resetting the H 2 O content of olivine-hosted melt inclusions in a matter of hours to days (Gaetani et al., 2012; Bucholz et al., 2013) . The near-uniform, low H 2 O contents (∼0.1 wt.% H 2 O) in melt inclusions from Laki lava samples (Fig. 6 ) suggest that these inclusions have re-equilibrated with the Laki carrier liquid. By contrast, melt inclusions in the tephra preserve H 2 O contents up to 0.69 wt.%, indicating that diffusive H + loss from these inclusions was much less extreme. The observation that melt inclusions in the tephra have only slightly modified H 2 O contents suggests that diffusive re-equilibration of H 2 O occurred primarily during insulated lava transport. There is no correlation between H 2 O and Ce, which confirms the diffusive re-equilibration of H 2 O in Laki lava samples.
Decompression associated with diffusive H + loss may facilitate the formation of bubbles in melt inclusions (Gaetani et al., 2012) . It is therefore possible that post-entrapment degassing of CO 2 linked to H + diffusion may explain why the majority of melt inclusions in lava samples have vapour bubbles but the majority of inclusions from the tephra do not. However, there is no correlation between melt inclusion H 2 O content and the proportion of the total CO 2 contained within the vapour bubbles ( Supplementary  Fig. C) , which would be expected if CO 2 exsolution were driven by diffusive H + loss. The data therefore suggest that cooling and thermal contraction of the melt phase was the dominant control on bubble formation for the Laki melt inclusions, and that diffusive H + loss provided only a minor contribution to bubble growth.
Concurrent mixing, crystallisation and degassing in the Laki magma
The solubility of CO 2 in basaltic melt is strongly dependent on pressure and initial volatile content (e.g. Moore, 2008; Shishkina et al., 2010) ; therefore, CO 2 degassing is strongly controlled by the depths of magma storage and crystallisation. Solubility models (e.g. Dixon et al., 1995; Shishkina et al., 2010) can be used to predict the degassing path of basaltic magmas for different crystallisation models, and CO 2 /Nb values can be used to deconvolve the effects of crystallisation and degassing.
For Icelandic basalts, it is likely that melts become saturated in a CO 2 -rich vapour at depths of ∼25 km (e.g. Pan et al., 1991; Dixon et al., 1995; Papale, 1999; Shishkina et al., 2010) . If primary melts begin to crystallise at pressures higher than those required for vapour saturation, CO 2 will behave incompatibly, in a similar manner to Nb or Ba. Unless the melt is affected by mixing or contamination, CO 2 /Nb will therefore remain constant until the melt becomes vapour-saturated at lower pressures and starts to degas. Olivines crystallising in the lower crust may thus trap inclusions from a CO 2 -rich melt with a constant, high CO 2 /Nb. Conversely, if primary melts ascend rapidly to a shallow level in the crust before crystallising, then CO 2 will degas prior to crystallisation and melt inclusions will typically be depleted in CO 2 , with low CO 2 /Nb. Where magma ascent, crystallisation and degassing occur concurrently in magmatic systems, CO 2 /Nb should decrease steadily as crystallisation progresses and a broad positive correlation between CO 2 /Nb and olivine composition is expected, although the correlation may not be linear. This is illustrated in Supplementary Fig. D . When coupled with indicators of the degree of melt fractionation and melt inclusion entrapment pressures, CO 2 /Nb can be used to estimate (1) the expected CO 2 concentration of magmas stored in shallow reservoirs immediately prior to their eruption, and (2) the amount of CO 2 lost during passive degassing at lower-to midcrustal pressures. Melt inclusions from Laki record CO 2 /Nb values that range from 3.8 to 364 (Fig. 7) . Only one Laki melt inclusion has CO 2 /Nb greater than the average CO 2 /Nb of 314 ± 125 reported for Borgarhraun, North Iceland . This high CO 2 /Nb inclusion is the most enriched of the Laki inclusions (La/Yb = 6.1), and has a total CO 2 concentration of 4767 ppm and a calculated saturation pres- sure of 7.4 kbar. This inclusion may represent an undegassed melt, suggesting that the CO 2 /Nb value of undegassed primary melts supplied to the Laki magmatic system lies towards the upper end of the Borgarhraun range, or may be even higher. The remaining Laki inclusions have CO 2 /Nb < 262 and record saturation pressures <6 kbar, indicating that they were trapped during the crystallisation of partially degassed melts in the crust. Although the data are widely scattered, the average CO 2 /Nb in the Laki inclusions decreases steadily with decreasing forsterite content of the host olivine (Fig. 7) , indicating that degassing and crystallisation occurred concurrently within the magmatic system that eventually fed the Laki eruption. A similar trend is observed in CO 2 /Ba (Supplementary Fig. E) . All but one of the melt inclusions hosted in the most evolved (Fo <75 ) olivines have CO 2 /Nb values <100 and record saturation pressures <3.5 kbar. The latter stages of crystallisation of the Laki magma therefore occurred primarily in shallow magma reservoirs containing partially degassed magmas. The data also suggest that extensive fractionation of vapour-undersaturated melts in lower-crustal magma reservoirs was not significant in the Laki magmatic system over the crystallisation interval recorded by the Fo <86 olivines.
Deep degassing path of the Laki magma
The predicted undegassed CO 2 content of each melt inclusion (CO pr,mi 2 ) can be calculated from the measured Nb content of the melt inclusion (mi), if the CO 2 /Nb of the initial primary melt (ini) is known:
Undegassed CO 2 contents could be calculated using a single, fixed CO 2 /Nb value, but this carries the assumption that the magma in question evolved by fractional crystallisation of a single primary melt with a given Nb content. This contrasts with recent studies of melt inclusions from Icelandic eruptions, which have demonstrated that primary melts in Iceland are highly heterogeneous in their trace element and isotopic compositions (Maclennan et al., 2003; Maclennan, 2008) . Fo >84 olivines from Laki preserve melt inclusions with a wide range of La/Yb values (Fig. 2b) , indicating that diverse enriched and depleted melt compositions were supplied to the Laki magmatic system (Neave et al., 2013) . The variability in La/Yb decreases with decreasing host forsterite content (Fig. 2b) , which is consistent with diverse primary melt compositions mixing and crystallising as they ascended through the crust, generating the homogeneous Laki carrier liquid composition erupted at the surface.
The wide range in CO 2 /Nb (314 ± 125) determined for Borgarhraun may reflect the diversity of mantle melts supplied to Borgarhraun (Maclennan et al., 2003) . It is expected that undegassed, enriched mantle melts with high Nb concentrations would also have high CO 2 concentrations, and a correspondingly greater CO 2 /Nb than depleted primary melts (e.g. Michael and Graham, 2013) . We therefore calculate the predicted CO 2 content of each melt inclusion using two methods: firstly with a fixed CO 2 /Nb of 314, and secondly with CO 2 /Nb = 435 for the enriched endmember and CO 2 /Nb = 171 for the depleted endmember. CO 2 /Nb values for the enriched and depleted endmembers were estimated from the few published studies of CO 2 and Nb concentrations in nominally undegassed melt inclusions (see Supplementary Fig. F for further details), and are close to the upper and lower bounds of the Borgarhraun value. The proportions of enriched and depleted endmembers and the extent of crystallisation required to generate the measured compositions of the Laki melt inclusions were calculated following the method of Maclennan (2008) . The choice of CO 2 /Nb values for the enriched and depleted endmembers is the major source of uncertainty in subsequent calculations. Once the predicted undegassed CO 2 content of each melt inclusion has been calculated, the amount of CO 2 lost from each inclusion during degassing, CO This is shown in Fig. 8 . It is important to note that, unless the CO 2 contained within vapour bubbles is taken into account, the CO 2 lost from the melt inclusions will be overestimated. Melt inclusions with the highest saturation pressures have lost the least CO 2 prior to entrapment (Fig. 8) , as is predicted from solubility models. At any given pressure, the most enriched inclusions have lost the most CO 2 , while the most depleted inclusions have lost almost none of their CO 2 . This is observed whether a fixed or variable CO 2 /Nb is assumed for the primary melt. Enriched primary melts, with higher absolute CO 2 concentrations than depleted primary melts, are most useful for investigating deep degassing in magmatic systems because a range of melt inclusion saturation pressures are recorded during crystallisation and degassing. Depleted melt inclusions with low initial CO 2 concentrations are not useful for constraining deep degassing behaviour, because they remain vapour-undersaturated to shallow levels.
Mass of CO 2 degassed from the Laki magma
The total mass of CO 2 lost from the Laki magma can be calculated by associating each inclusion with a mass of melt. The mass of melt present in the Laki magmatic system when a melt inclusion is trapped, M melt , can be calculated as follows: where X mi is the extent of crystallisation from the initial primary melt required to generate the melt inclusion composition, and X gl is the extent of crystallisation required to produce the average matrix glass composition. The total mass of magma erupted from the Laki fissure, M tot , was estimated assuming a total erupted volume of 15.1 km 3 (Thordarson and Self, 1993 ) and a melt density of 2750 kg/m 3 (Passmore et al., 2012) . The mass of melt represented by each melt inclusion can then be calculated by taking a running or weighted mean of N inclusions:
The cumulative CO 2 lost is then given by:
The total CO 2 mass release for the Laki magma, M tot CO 2
, was calculated using forward and inverse models. The inverse model used the Petrolog3 program (Danyushevsky and Plechov, 2011) to calculate a reverse fractional crystallisation trend for the Laki carrier liquid in 1% intervals, and the compositions of olivine, clinopyroxene and plagioclase in equilibrium with the melt were calculated at each interval. The value of (1− X mi ) was then estimated for each melt inclusion by comparing its host olivine composition with the calculated reverse fractional crystallisation trend. This model assumes that the melt inclusions lie along a single liquid line of descent, and does not account for melt mixing in the Laki magmatic system. The forward model used the method of Maclennan (2008) to calculate the proportions of enriched and depleted endmembers, and the extent of fractional crystallisation required to generate each of the Laki melt inclusion compositions ( X mi ) and the glass composition ( X gl ). The enriched and depleted endmembers used in this calculation represent the most extreme compositions present in Icelandic melt inclusions.
The results of our calculations are summarised in Fig. 9 . The preferred value of CO 2 mass release is 304 Mt, which was calculated using the inverse model with variable CO 2 /Nb for enriched Fig. 9 . Cumulative CO 2 mass release from the Laki magma. The inverse model was calculated by reverse fractional crystallisation of the Laki tephra glass composition (Danyushevsky and Plechov, 2011) , and does not account for magma mixing in the Laki plumbing system. The forward model uses the method of Maclennan (2008) to calculate the effect of concurrent crystallisation and mixing of enriched and depleted parental melts. Approximately 300 Mt CO 2 was released from the Laki magma. The choice of fixed or variable CO 2 /Nb for the magma source does not significantly affect the calculated total CO 2 mass release. (a) Cumulative CO 2 mass release vs. mass fraction crystallised, demonstrating that crystallisation and degassing occurred concurrently in the Laki magma. F = 1 is defined to be the composition of the Laki carrier liquid at the time of eruption, which is in equilibrium with Fo 71 -Fo 68 olivine. If the value of F associated with the composition of magma stored within the magma reservoir immediately prior to eruption is known, then it is possible to estimate the CO 2 release expected if that magma were to erupt. For example, if magma stored in the Laki magma chamber was in equilibrium with Fo 77 olivine, corresponding to F = 0.75, then ∼50% of the total CO 2 release would be associated with magma chamber degassing as this melt crystallised, ascended and erupted, i.e. melts where 0.75 < F < 1. The remaining ∼50% of the CO 2 would then be associated with passive degassing from parental melts to those stored in the magma chamber, in equilibrium with Fo > 77 olivine (i.e. F < 0.75), as they fractionated in the lower crust. (b) Cumulative CO 2 mass release vs. melt inclusion saturation pressure. The histogram shows the number of analyses per 0.1 kbar pressure interval. Over 80% of the CO 2 mass release occurred in the shallow crust at pressures <3 kbar. The grey shaded region shows the pressures of final mineral-melt equilibration predicted using clinopyroxene-melt barometry (Neave et al., 2013) .
Melt inclusions recording saturation pressures shallower than this depth range may have undergone CO 2 loss, and their calculated saturation pressures provide a minimum estimate of the entrapment pressure.
and depleted endmember compositions. This is the only calculation to take into account the full extent of geochemical variability in the melts supplied to the Laki magmatic system. However, the calculations using fixed CO 2 /Nb produce estimates of CO 2 mass release that are only 8% lower than if variable CO 2 /Nb is used. The value of 304 Mt CO 2 refers to the total mass of CO 2 released from the Laki magma, and includes deep, 'passive' degassing as well as the CO 2 release associated with magma ascent during the eruption itself.
The rate of CO 2 degassing as a function of the mass fraction of melt crystallised is relatively constant (Fig. 9a) . If the degree of fractionation required to generate the composition of magma stored within the magma reservoir immediately prior to eruption is known, it is possible to calculate both (1) the CO 2 release associated with the ascent and eruption of this magma composition, and (2) the CO 2 released passively as parental melts to those stored in the magma chamber fractionate in the lower crust. This is illustrated in Fig. 9a .
Our calculations suggest that approximately 60% of the total CO 2 mass release from Laki occurred at pressures 2 kbar (Fig. 9b) . This is similar to Kilauea volcano, Hawaii, where most of the CO 2 is exsolved at summit reservoir pressures between ∼0.5 and 1 kbar (e.g. Gerlach, 1986; Gerlach et al., 2002) . However, we note that melt inclusions recording saturation pressures <0.7 kbar may have been affected by CO 2 loss (see Section 4.2), and we suggest that these inclusions may have been trapped at pressures >1 kbar. The data may suggest that degassing from shallow magma storage zones dominated the Laki CO 2 budget. Alternatively, this shallow CO 2 release may be associated with the eruption itself, which would indicate that melt inclusions with shallow saturation pressures were trapped at a late stage, during magma ascent from a deeper crustal reservoir. Only ∼16% of the CO 2 mass release at Laki occurred at pressures >4 kbar (Fig. 9b) , which suggests that deep, passive CO 2 degassing formed only a minor contribution to the total CO 2 release from the Laki magmatic system. Our calculated total mass release of 304 Mt CO 2 from the Laki magma is somewhat lower than the 348 Mt CO 2 calculated by Thordarson et al. (1996) . There are several possible reasons for this discrepancy. Firstly, Thordarson et al. (1996) assumed pre-eruptive and 'degassed' CO 2 concentrations of 8530 and 1480 ppm respectively, which are almost certainly overestimates of the true CO 2 concentrations (Thordarson et al., 1996) . This is an artefact of the analytical method, which measured the compositions of gases released by vacuum fusion of crushed melt inclusion-bearing plagioclase phenocrysts and of crushed tephra glass samples Óskarsson et al. (1984) . Laki tephra glasses contain fluid-filled microbubbles (Ølafsson et al., 1984) , and are therefore much more CO 2 -rich than the true degassed Laki magma: our study indicates that glass from the Laki tephra has degassed almost all of its CO 2 . Similarly, it has been suggested that Laki plagioclases contain CO 2 bubbles that were trapped as a free vapour phase during crystallisation (Métrich et al., 1991) . It has also been demonstrated that the highanorthite cores of Laki plagioclase macrocrysts did not crystallise directly from the Laki magma and are xenocrystic in origin (Neave et al., 2013) ; thus, any CO 2 contained in melt inclusions or bubbles in these high-anorthite cores cannot not be simply associated with the Laki magma. Secondly, our calculated CO 2 mass release of 304 Mt is based on a maximum CO 2 /Nb of 435 for enriched Icelandic primary melts. If this value underestimates the true CO 2 /Nb of enriched primary melts, then our calculations underestimate the initial CO 2 content of the Laki magma, and therefore provide only a minimum estimate of the total CO 2 mass release.
The values of CO 2 mass release calculated in this study and by Thordarson et al. (1996) are based on degassing from the mass of melt required to produce an erupted volume of 15.1 km 3 from the Laki vents, but do not account for CO 2 released from magma intruded into the shallow crust. If it is assumed that intrusions are emplaced at pressures of ∼1-2 kbar, then these intrusions would be expected to degas between 40 and 60% of their total CO 2 (Fig. 9b) . The ratio of erupted to intruded volume for the Krafla Fires eruptions of [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] has been estimated at 0.3 (Harris et al., 2000) . A similar erupted to intruded volume ratio for Laki would increase the total CO 2 mass release from Laki by 400-600 Mt, thus increasing the total CO 2 budget of the eruption by a factor of 2 to 3.
Conclusions
Volatile concentrations in olivine-hosted melt inclusions from Laki have been used to investigate post-entrapment degassing processes in melt inclusions and to reconstruct the deep degassing history of the Laki magma prior to its eruption. Vapour bubbles in melt inclusions from Laki may contain >90% of the total CO 2 .
This means that unless the CO 2 sequestration into bubbles is taken into account, the total CO 2 content of the inclusion will be underestimated, and any subsequently derived parameters such as saturation pressures calculated using solubility models will be too low. If post-eruption quenching is too rapid then CO 2 may not have sufficient time to diffuse into the bubble before solidification. The presence of a vapour bubble therefore cannot be taken as evidence that significant post-entrapment CO 2 exsolution has occurred within a melt inclusion.
The behaviour of CO 2 and Nb as similarly incompatible trace elements during crystallisation of a vapour-undersaturated melt enables the use of CO 2 /Nb for deconvolving the effects of crystallisation and degassing. A positive correlation between CO 2 /Nb and host olivine composition in the Laki melt inclusions demonstrates that crystallisation and degassing occurred concurrently in the Laki magmatic system. CO 2 /Nb can also be used to reconstruct the undegassed CO 2 concentration of a melt inclusion if the CO 2 /Nb of the primary melt is known. La/Yb variability in the Laki melt inclusions indicates that compositionally diverse mantle melts were supplied to the Laki magmatic system, and the enriched and depleted primary melts are expected to have different CO 2 /Nb values. By modelling the combined effects of melt mixing, crystallisation and degassing, we have determined the degassing path of the Laki magma with respect to pressure and extent of crystallisation. Melt inclusions trapped at the highest pressures have lost the least CO 2 , as predicted from volatile solubility models. At any given saturation pressure, the most enriched melt inclusions have lost the most CO 2 , while depleted inclusions have degassed very little CO 2 . Depleted melt inclusions with low CO 2 concentrations remain vapour-undersaturated to low pressures, and are therefore not useful for constraining deep degassing behaviour in magmatic systems.
We calculate that a minimum of 304 Mt CO 2 was released during degassing of the Laki magma. If CO 2 degassing from magma intruded into the upper crust is taken into account, the total CO 2 mass release from Laki may increase by 400-600 Mt, doubling or tripling the total CO 2 budget of the eruption. Our results demonstrate the utility of CO 2 /Nb in investigating deep degassing processes, and have potential application for the development of gas flux monitoring at infrequently active basaltic volcanoes.
